ABSTRACT Each year, millions of African children receive praziquantel (PZQ) by mass drug administration (MDA) to treat schistosomiasis at a standard single dose of 40 mg/kg of body weight, a direct extrapolation from studies of adults. A higher dose of 60 mg/kg is also acceptable for refractory cases. We conducted the first PZQ pharmacokinetic (PK) and pharmacodynamic (PD) study in young children comparing dosing. Sixty Ugandan children aged 3 to 8 years old with egg patent Schistosoma mansoni received PZQ at either 40 mg/kg or 60 mg/kg. PK parameters of PZQ racemate and enantiomers (R and S) were quantified. PD outcomes were assessed by standard fecal egg counts and novel schistosome-specific serum (circulating anodic antigen [CAA]) and urine (circulating cathodic antigen [CCA]) antigen assays. Population PK and PD analyses were performed to estimate drug exposure in individual children, and the relationship between drug exposure and parasitological cure was estimated using logistic regression. Monte Carlo simulations were performed to identify better, future dosing regimens. There was marked PK variability between children, but the area under the concentration-time curve (AUC) of PZQ was strongly predictive of the parasitological cure rate (CR). Although no child achieved antigenic cure, which is suggestive of an important residual adult worm burden, higher AUC was associated with greater CAA antigenic decline at 24 days. To optimize the performance of PZQ, analysis of our simulations suggest that higher doses (>60 mg/kg) are needed, particularly in smaller children.
istration (4) , and it undergoes an extensive first-pass metabolism in the liver by the cytochrome P450 (CYP) system (CYP1A2, CYP3A4, CYP2BI, CYP3AD, and CYPC19) (5) . PZQ is usually administered as a single dose between 40 and 60 mg/kg of body weight (6) . PZQ damages the adult worm tegument by disrupting calcium ion channels-such damage may facilitate subsequent immunological attack and later clearance of the parasite. However, immature worms (schistosomulum) are insensitive to PZQ (1, 7) . As adult worm death cannot be measured directly because of their intravascular location, the pharmacodynamics of PZQ is currently estimated using fecal egg clearance 3 to 4 weeks after treatment (8) . Alternative biomarkers with potential prognostic value are measured by newly developed schistosome antigen assays using sera or urine (9, 10) . Globally, the performance of PZQ is considered satisfactory, but there are some well-known exceptions that occur in some areas where schistosomiasis is hyperendemic. It is likely that these deficiencies are caused by insufficient drug exposure by inadequate initial dosing (11, 12) .
Current formulations of PZQ are racemates consisting of two enantiomers [(Ϫ)R and (ϩ)S], previously known as levo (L) and dextro (D) stereoisomers. A long-held belief is that the R isomer is significantly more active than the S form against S. japonicum and S. mansoni, although rodent studies are somewhat contradictory (13) (14) (15) (16) . In addition, R-PZQ is much more palatable than S-PZQ, and a monoenantiomeric formulation, currently in development, could reduce the dose by half, thus decreasing the total size of administered tablets (5, (13) (14) (15) (16) (17) (18) .
Despite being administered to an estimated 25 million children every year (19, 20) , there is only limited pharmacokinetic and pharmacodynamic (PK-PD) information on the enantioselective properties of PZQ. The currently recommended dose of 40 mg/kg is a direct extrapolation from adults (5) . Several epidemiological studies have revealed persistent egg patent schistosomiasis in preschool-aged children and in infants (11, (21) (22) (23) with poor worm clearance when given a standard dose at 40 mg/kg (4, 20, 24, 25) . While this evidence has led to a change in WHO guidelines that now promote access to PZQ in younger children (9, 21, 26) , detailed PK-PD studies are still lacking. We report here on the first PZQ PK-PD study in children aged 3 to 8 years infected with S. mansoni.
RESULTS
A total of 60 children were enrolled in the study, and 59 completed the study protocol. One child was excluded 6 h into the study because of an acute febrile illness that was later diagnosed and treated as falciparum malaria (Fig. 1) . No child tested positive for HIV (Table 1) . Overall, there were no major clinical adverse events that were identified. All unpleasant symptoms, mostly sweating, abdominal pain and cramps, nausea, vomiting, headache, dizziness, and sleepiness, peaked between 1 and 4 h after receipt of PZQ and subsided between 1 and 3 h after the onset of symptoms. The side effects observed by the study pediatrician (ALB) were greater than the self-reported ones. The most common ones were sweating, abdominal pain and cramps, sleepiness, and headache. These symptoms were significantly greater in the 60-mg/kg arm (see Fig. S1 in the supplemental material). Fifty-eight children were available at the 24-day follow-up.
PZQ pharmacokinetics. The individual plasma PZQ enantiomer concentration-time profiles are shown in Fig. 2 . There was marked pharmacokinetic variability in the concentrations of both the R and S isoforms. Table 2 shows pharmacokinetic parameter values at different doses for each enantiomer. This was evident in both the "spaghetti plot" and in the coefficient of variation (CV) of the population PK estimates for clearance and volume, which was Ͼ60% from both population PK models (Table 3) . There was no relationship between any of the Bayesian estimates of the parameter values and any of the available covariates. Thus, the standard base model was used. The fit of the model to the data was satisfactory, although there was a degree of bias when the population parameter values were used. The observed-predicted plots both before and after the Bayesian step are shown in Fig. 3 . PZQ pharmacodynamics. (i) S. mansoni cure rate and egg rate reduction by fecal examination. Both overall cure rate (CR) and egg reduction rate (ERR) were used to assess the parasitological response to PZQ. There were no statistically significant differences in the day 24 stool egg detection CR or ERR between the two doses of PZQ (Table 4 ). The odds ratios from logistic regression models of the cure rate are shown in Table 5 There is some evidence for an association of cure rate with gender, weight, and initial parasite load, but these would not be considered statistically significant after allowing for the number of parameters tested. As noted above, there is no significant association between cure and administered PZQ dose. In contrast, total PZQ AUC 0 -24 (area under the concentration-time curve from 0 to 24 h) and in particular the S form are associated with increased cure rates. The Akaike information criterion (AIC) measures of goodness-of-fit provide some positive evidence in favor of the S form, but there was no strong evidence than it necessarily has better explanatory value than total AUC. Furthermore, it should be noted that the R form was present in much lower concentrations, and it is possible that drug exposure (in terms of AUC) was not be accurately quantified. There were insufficient data (with only 14 "noncured" events) to allow exploration of multivariable models.
(ii) S. mansoni cure rate by plasma CAA levels and urine CCA. There was a sustained drop in CAA levels at 24 days. However, no children at 24 days follow-up achieved negative CAA levels (Ͻ10 pg/ml) (Fig. 4) . Children that had lower PZQ AUC 0 -24 levels at baseline had higher CAA levels at 24 days follow-up, although this did not reach statistical significance (P ϭ 0.071). Urine CCA negativity was achieved in only 7/58 (12%) children at follow-up (2 in the 40-mg/kg arm and 5 in the 60-mg/kg arm).
Monte Carlo simulations were performed for three different dose regimens (40 mg/kg, 60 mg/kg, and 80 mg/kg). The results of the Monte Carlo simulation are shown in Fig. 5 with individual cure rates for the different PZQ doses in study patients compared to simulated patients, adjusting for baseline intensity of infection and AUC. Only 75% of patients receiving the highest PZQ dose of 80 mg/kg had an estimated cure rate of Ͼ85%. Whether dosing should be further stratified on the basis of other covariates, such as sex and weight, is possible but requires larger studies.
DISCUSSION
Since 1984, PZQ has been the standard of care for all forms of schistosomiasis with a recent focus on WHO-approved preventive chemotherapy campaigns that target school-aged children. Despite this, relatively little is known about PZQ drug exposureeffect relationships which underpin therapeutic efficacy in children. Our PK-PD study is the first to quantify the drug exposureresponse relationships using both traditional parasitological (fecal egg counts per gram of stool [epg] ) and novel, more-sensitive schistosome antigenic assays (CCA and CAA). This is also the first study of S. mansoni in humans showing differences in enantiomeric activity on worm reduction. The probability of cure was strongly associated with high levels of S-PZQ. The R-PZQ form was eliminated much faster than the S-PZQ form, meaning that estimates of drug exposure may be less precise and consequently making it difficult to establish definitive drug exposure-response relationships. We postulate that there is still the possibility that R-PZQ could be biologically active, but its exposure and activity are better reflected by the more-abundant S-PZQ form.
In vitro and murine studies support the antischistosomal activity of R-PZQ in S. japonicum (5) . However, there is still some controversy regarding the relative potency of PZQ enantiomers against S. mansoni. Two murine studies with S. mansoni have demonstrated that R-PZQ has limited activity when assessed by worm reduction and tegumental damage (32% worm reduction) (13, 14, 16, 17, 27) . A recent study also found R-PZQ to be the active enantiomer in S. mansoni-infected mice but found no activity of its metabolites (15) . Clinical correlation, however, is scant. A PD study in China of 278 patients with S. japonicum compared a single dose of R-PZQ (20 mg/kg) to racemic PZQ (40 mg/kg) with posttreatment cure rates of 94.8% and 97.1%, suggesting that R-PZQ is the active enantiomer (28) . Due to such discrepancies between our study in S. mansoni human subjects and existing preclinical data, there is an urgent requirement to better understand species-specific enantiomeric activity of PZQ.
PZQ exhibits considerable interindividual pharmacokinetic variability. The plasma half-life is short (ca. 2 to 4 h), and there is almost no parental drug detected in serum 12 to 24 h after dosing. The majority of PK variability is unexplained. An allometric relationship where weight affects clearance via a 0.75 scaling exponent may well be the most appropriate scaling function but would require PK data from children with a wider range of weights to investigate this further. Other sources of variation in absorption likely result from food effects and underlying intestinal disease, as well as pharmacogenetic determinants of drug clearance. PZQ is metabolized by CPY3A4, CYP1A2, and CYP2C19, which are known to exhibit polymorphisms (29) and may be held accountable, as age-related CYP maturity may explain some of the pharmacokinetic variability (30) . A potential impact of CYP polymorphisms in different age and weight groups warrants further scrutiny.
PZQ binds the tegument of the adult worm, and host-immune effectors are ultimately responsible for elimination of the parasite (31) . Despite this, there is persistent antischistosomal activity, as evidenced by a progressive decline in excreted eggs in stool, and in circulating antigen levels (CAA) in plasma that extends well beyond the time that plasma drug concentrations become undetected (Fig. 4) . This hysteresis (i.e., apparent disconnect between drug exposure and various measures of therapeutic effect) may have several explanations. First, it is possible that PZQ has a prolonged mean residence time within the schistosomal tegument or contiguous host tissues and is able to exert a persistent pharmacological effect long after serum drug concentrations are undetected. Second, it is possible that very short exposure to PZQ is sufficient to initiate changes in the tegument that enable immune effectors to kill the parasite. The distinction requires further preclinical studies.
Despite the fact that this study was not designed to detect differences in therapeutic outcomes with the two treatment regimens, we found a strong relationship between total drug AUC and parasitological cure while there was no detectable impact of administered dose. When CR (i.e., no eggs in stool at follow-up) was analyzed as a final-outcome measure, higher total PZQ AUCs were associated with increased cure. Several decades of antimicrobial PK-PD research have demonstrated that dose is a notoriously inaccurate measure of actual drug exposure in clinical settings, as exemplified by the between-patient variation (Fig. 2) . The ability to resolve drug exposure-effect relationships in this study is almost exclusively a function of quantifying drug exposure in terms of AUC 0 -24 rather than the reported dose. The extreme PK variability is the likely explanation for the previous observation that better response rates are not observed with given higher dosages (32) (33) (34) . Overall, higher PZQ dosages than those administered in this study are required to achieve acceptable cure rates (defined as a cure rate of Ͼ85%) (3). A target AUC should be set for future studies delivering higher doses than the ones used for this study.
One of the key strengths of our study was inclusion of novel, more-sensitive antigenic assays (plasma CAA and urine CCA) used alongside traditional parasitological methods. Although very poor cure rates were obtained when CCA was used as a measure of cure (12%), a higher proportion of children achieved assay negativity when given a 60-mg/kg dose (35) . Similarly, plasma CAA levels experienced a high drop at follow-up but at 24 days after PZQ (mean, 2,582 pg/ml) were still above the thresholds for negativity (Ͻ10 pg/ml) (Fig. 4) . However, when taken together, a single PZQ dose in this area where schistosomiasis is highly endemic failed to achieve antigenic cure, which is indicative of viable worms which may simply be due to temporary cessation of egg excretion by adult females. Facultative egg excretion is a wellknown confounder of parasitological methods and highlights that future drug development programs should consider the use of these antigens (CCA and CAA) as better measures of drug efficacy, over and above fecal egg patency. Even with the limitation of a small sample size to effectively detect PD changes, the results of our PK-PD analyses firmly suggest that 40 mg/kg is too low a dose. As a matter of clinical urgency, we suggest that the following studies are needed: (i) further PK-PD assessment(s) of higher doses in young children, (ii) development of an appropriate pharmacodynamic index linking drug exposure with antiparasitic effect(s), and (iii) clarification of R-PZQ and S-PZQ activity across all Schistosoma species infections before monoenantiomeric formulations are introduced.
MATERIALS AND METHODS
Ethics statement. Ethical approval was obtained from the Liverpool School of Tropical Medicine (application no. 5538/2009) and the Uganda National Council for Science and Medical Research. Detailed information sheets were provided to parents and/or guardians. Informed written consent was obtained from the child's guardian, and verbal assent was also obtained from children who were able to do so. Pediatric population and pharmacokinetic field study design. In October 2012, 60 children from a wider ongoing study cohort were enrolled from two villages, Bugoigo and Walakuba, along the shores of Lake Albert, Uganda. They were initially selected on the basis of the history of S. mansoni infection as determined during previous surveys (36) . All children had been previously treated with praziquantel (PZQ) (40 mg/kg of body weight) at least 1 year prior to the current study and had tolerated that treatment well. The study pediatrician (ALB) performed individual clinical assessments to establish suitability for participation in the study. The 60 subjects were randomized 1:1 to receive a single dose of 40 mg/kg or 60 mg/kg of PZQ. Exclusion criteria were as follows: (i) the child was acutely unwell as judged by the study pediatrician; and (ii) if the child was receiving other drug treatments, such as antimalarial agents that could potentially interact with PZQ. Side effects were recorded using a questionnaire before and 4 h after PZQ administration, and children were monitored for further symptoms for 24 h. These were classified as (i) selfreported and (ii) observed by the study pediatrician on site. Every child and parent in the study was also offered treatment for minor medical conditions. Figure 1 summarizes the sample design and basic methodology.
On the day of enrollment, each child arrived at the study site, which was a rural camp in Bugoigo village in Uganda. A breakfast consisting of local foods (doughnut, juice, and porridge) was provided before drug delivery, as food is known to increase PZQ bioavailability (4) . PZQ at either 40 or 60 mg/kg was then administered. Venous blood samples (2 ml) were collected at time zero, 1 h, 2 h, 4 h, 6 h, 12 h, and 24 h into 5-ml heparinized tubes and centrifuged at 1,000 rpm for 10 min. Plasma was removed and immediately frozen in liquid nitrogen before being sent to the United Kingdom and The Netherlands on dry ice for further analysis. Children stayed on the premises for 24 h and were closely monitored for delayed drug-related adverse effects.
Parasitological detection and pharmacodynamic endpoints. Two stool samples (taken on consecutive days) and one urine sample were collected from every child prior to the start of the study. Double fecal smears were prepared from each sample applying the thick Kato-Katz technique for the detection of S. mansoni and other soil-transmitted helminths (37) . Mean egg counts per gram of stool (epg) were subsequently calculated, and three categories were considered for S. mansoni infection: light (1 to 99 epg), medium (100 to 399 epg), and heavy (Ͼ400 epg) (6) . Following WHO guidelines for the assessment of the drug efficacy of PZQ against schistosomiasis, standard measures of parasitological cure were used as primary study endpoints: egg reduction rate (ERR) (the percentage decrease in egg count between baseline and follow-up after treatment) and cure rate (CR) (the percentage of children with no schistosomal eggs at follow-up after treatment) with an acceptable CR of Ͼ85% set by the WHO (3).
Testing for circulating cathodic antigen (CCA) in urine was per- 
FIG 4
Individual CAA levels at baseline and 4 h, 6 h, 24 h, and 24 days post-PZQ for the two dose levels.
formed using the point-of-care CCA rapid diagnostic test (Rapid Medical Diagnostics, Pretoria, South Africa). The strips were graded upon visual inspection as trace, ϩ, ϩϩ, and ϩϩϩ (38) . Frozen plasma samples from the subjects were later sent to the Leiden University Medical Center, The Netherlands, to be tested for the presence of circulating anodic antigen (CAA) levels by the up-converting phosphor lateral flow (UCP-LF)-based CAA assay (10) . As the CAA levels in the plasma samples were very high, they were tested in 1/10 and 1/100 dilutions depending on the expected worm burden of the child. The cutoff for positivity of the assay was 10 pg/ml CAA plasma, corresponding to 10 worm pairs. Rapid diagnostic tests were also used for the detection of malaria (First Response, Goa, India) and HIV (Determine; Alere, San Diego, CA, USA). A confirmatory test was available for any HIV tests that were initially positive (StandardDiagnostics HIV-1/2, Gyeonggi-do, Republic of Korea).
Quantification and resolution of PZQ racemate and R and S enantiomers. Plasma R-PZQ and S-PZQ concentrations were determined using a validated liquid chromatography-tandem mass spectrometry (LC/ MS/MS) assay (39) . Chromatographic separation was achieved using a gradient program. The ultrahigh-performance liquid chromatography (UHPLC) system was interfaced with a triple-quadruple TSQ Quantum Access mass spectrometer (Thermo Scientific, Hemel Hempstead, United Kingdom) with a heated electrospray ionization (H-ESI) source. An E2M28 rotary vacuum pump (Edwards High Vacuum International, West Sussex, United Kingdom), an NM30LA nitrogen generator (Peak Scientific, Renfrewshire, United Kingdom), and 99% pure argon gas (10 liters) (BIP10; Air Products, Liverpool, United Kingdom) were used. Plasma samples (500 l) containing diazepam as an internal standard were extracted with a mixture of methyl-tert-butyl ether and dichloromethane (2:1, vol/vol), and the resulting dried extract was reconstituted in mobile phase and injected into the LC/MS/MS. The assay was linear in the range from 5 to 1,500 ng/ml for both PZQ isomers. The detailed methodology is described elsewhere (39) .
Pharmacokinetic population analyses. A population methodology using the program Pmetrics (version 1.2.6) (University of Southern California) was used throughout (http://www.lapk.org). Two structural models were constructed and fitted to the data. In the first model, total PZQ concentrations (i.e., R-PZQ plus S-PZQ) were assessed. A standard three-compartment structural pharmacokinetic model was used. The three compartments were an absorptive compartment (i.e., gut), a central compartment (bloodstream), and a peripheral compartment. The fit of the model to the data was assessed by mean weighted error (a measure of precision), by mean weighted squared error (a measure of bias), and by visual inspection and coefficient of determination (r 2 ) of the linear regression of the observed and predicted values both before and after the Bayesian step.
Pharmacodynamics of PZQ. All data were entered into electronic format using EpiData (The EpiData Association, Odense, Denmark) and analyzed using the R statistical package version 3.2.2. (The R Foundation for Statistical Computing, Vienna, Austria). Cure rate (CR) by egg clearance at 24 days was presented as percent egg negative by two Kato-Katz thick smears at follow-up with the associated exact binomial 95% confidence interval (95% CI). Multivariable logistic regression models were used to explore the relationship between CR and demographic and drug exposure parameters with unadjusted models and models adjusting for initial disease burden (egg count). A larger model also adjusting for child weight and sex was considered and gave very similar parameter estimates. Importantly, however, this model was overfitted given the relatively small number of events and is therefore not presented here. Since the baseline intensity prevalence was high, success was also analyzed as egg reduction rate (ERR) and not solely CR. The ERR was calculated as described elsewhere (3). A 95% CI and comparisons between dose groups used a quasibinomial regression model to allow for the overdispersion due to within-child correlations. Secondary outcomes included antigenic clearance by CCA and CAA levels, and these were explored descriptively.
Monte Carlo simulation. Monte Carlo simulations were performed using ADAPT 5 (40) and R. The first structural pharmacokinetic model using total PZQ concentrations was used for the purposes of computational tractability and to enable future correlation with studies where R and S enantiomers are not measured. Because of persistent bias when using the population parameter estimates (with both mean or median parameter values), we chose not to use these values and the associated population covariance matrix for the Monte Carlo simulations. Rather, we used the Bayesian posterior values for each patient, because the individual predicted values versus observed values were unbiased (Fig. 3) . We generated 100 simulated patients from each patient's posterior estimates, using their mean parameter estimates and the individual's covariance matrix. Three regimens were considered in these simulations: 40 mg/kg, 60 mg/kg, and 80 mg/kg of PZQ. The AUC was computed for each simulated patient using integration.
A cure model based on a logistic regression fit to the cure rate that included baseline egg number and total AUC was used to estimate the cure probability for each patient. As there was only limited outcome data, it was not possible to reliably model covariates, such as weight and sex. The baseline egg count was sampled from the distribution observed in the treated patients. In order to estimate the errors in the simulated estimates, 1,000 sets of logistic regression parameters were simulated based on draws from the multivariate normal distribution of the parameter estimates and their covariance matrix in the logistic regression model. The median and interquartile ranges of the cure rates for the simulated populations are presented. Additionally, the proportion of simulated patients achieving a predicted cure rate of Ͼ85% was computed.
FIG 5
Model with individual cure rates as outcomes adjusted for infection intensity and PZQ AUC. The model estimated cure actual patient data (n ϭ 60) for the doses given in the study (40 mg/kg and 60 mg/kg) are shown in blue. Data for simulated patients (n ϭ 5,000) for three different doses (40 mg/kg, 60 mg/kg, and 80 mg/kg) are shown in black. Error bars on the simulation results represent the uncertainty (interquartile range) in the simulation due to parameter variability. The shaded area indicates the WHO target of a Ͼ85% cure rate.
